Patients undergoing total knee arthroplasty (TKA) are likely to receive a blood transfusion, which may increase the risk of complications and prolong hospital stay. Considerable variation exists in transfusion practice among orthopedic surgeons following elective TKA. Previous studies have investigated the relationship between preoperative risk factors and the requirement for blood transfusions in patients undergoing a total hip or knee arthroplasty, but few have focused on transfusion risk in those specifically undergoing TKA.
O rthopedic surgery accounts for approximately 10% of transfused red blood cells, and evidence suggests that considerable variation exists in transfusion practice among orthopedic surgeons. 1, 2 Among the current challenges in this area are guidelines that vary between specialties and countries or that convey contradictory information. Evidence exists that some surgeons use a higher mean transfusion threshold than anesthetists and are also more likely to transfuse 2 or more units following total joint replacement. 3 Total knee arthroplasty (TKA) is associated with significant postoperative blood loss; thus, some patients will inevitably require a blood transfusion. 4 One major concern is the potential risk of complications associated with allogenic blood transfusion, including transmission of blood-borne viruses, 5 allergic reactions, 6 and immunomodulatory effects. 7 The use of protocols and algorithms has demonstrated that less blood can be safely given to fewer patients in the perioperative period. [8] [9] [10] Several studies have investigated the relationship between preoperative risk factors and the need for postoperative blood transfusion in patients undergoing total hip arthroplasty (THA) and TKA. [11] [12] [13] [14] [15] Most of these studies have combined these groups of patients together to determine preoperative risk factors, which may confound their outcomes because both procedures are vastly different in terms of operative procedure, intraoperative blood loss, and the significant hidden postoperative blood loss, which is associated with TKA. 16 The purpose of the current study was to identify risk factors predictive of requiring a blood transfusion following TKA. The authors aimed to produce a predictive model that would stratify the risk for individual patients preoperatively.
Materials and Methods
Over a 10-year period, all patients undergoing primary cemented unilateral TKA in a district general hospital with a catchment population of approximately 360,000 were entered prospectively into a regional arthroplasty database. All patients were seen at a preassessment clinic by audit nurses. The data recorded included patient age, sex, weight, height, body mass index (BMI), and American Society of Anesthesiologists (ASA) grade. Preoperative hemoglobin was measured at this visit. Patients taking any regular antiplatelet medication or nonsteroidal anti-inflammatory drugs were advised not to stop their medication preoperatively.
Surgical data included diagnosis, details of the surgeon performing the operation, tourniquet time, and whether a lateral retinacular release was required. A lateral retinacular release was performed whenever continuous symmetric patellar facet contact with the trochlear groove from 0° to 90° of flexion was not obtained using the rule of no thumb technique 17 before the tourniquet was deflated. Hemoglobin was measured 17 to 24 hours postoperatively and on postoperative day 4 prior to discharge. The requirement for blood transfusion, the date of transfusion, and the number of units transfused were also recorded.
All operations were performed under the supervision of 1 of 11 consultant surgeons (I.B.). An all-cemented TKA was performed using the Press Fit Condylar (PFC) Sigma knee (DePuy International Ltd, Leeds, United Kingdom). No pharmacological or mechanical adjuvants were used for hemostasis intraoperatively. Patellar resurfacing was not performed routinely. The tourniquet was released after wound closure. Postoperative surgical drains were not used. Intravenous antibiotics were given prophylactically before application of the tourniquet, and low-molecular-weight heparin was given in all cases as prophylaxis for deep vein thrombosis. This consisted of 5000 units of dalteparin sodium given subcutaneously once daily beginning the evening after surgery and ending on discharge. Spinal anesthesia was used in almost all patients, with some patients receiving a combined general anesthesia and regional block or combined spinal and epidural anesthetic. Hypotensive anesthesia was not used.
The local transfusion protocol stipulated that patients with a postoperative hemoglobin level less than 8.5 g/dL were transfused. Patients with a postoperative hemoglobin level between 8.5 and 10 g/dL were only transfused if they had relevant symptoms and a history of ischemic heart disease, and those with a hemoglobin level above 10 g/dL were not to be transfused. Preoperative cross matching of blood was performed only in patients with a preoperative hemoglobin level below 11 g/dL.
Data analysis was performed by an independent statistician using SPSS version 17 software (SPSS, Inc, Chicago, Illinois). The relationship between each factor and transfusion requirement was analyzed using the chi-square test. All variables predictive of transfusion requirement at P,.10 were included in multivariate models with the use of forward conditional methodology to determine the factors that were independently predictive. The lax P value of 0.1 was used because variables that just fail to reach significance with use of a lower cutoff may achieve significance when adjusted for other variables in the multivariate analysis. A prognostic index was calculated for the 3 factors that remained in the final model from the summated products of the regression coefficients and the factor levels. The predicted probability of transfusion was calculated using the following equation: prognostic index55.4610.033age20.143weight2 0.693preoperative hemoglobin. Age was measured in years, weight in kg, and hemoglobin in g/dL. The goodness-of-fit of the model was assessed using the P value from the Hosmer-Lemeshow test.
The percentage probability of transfusion requirement was then calculated for each patient using the above formula. Using this, the patients were divided into 2 groups: those above or below different chosen cutoff levels for the predicted prob-ability of transfusion requirement. This enabled the authors to produce classification tables of predicted and actual outcomes to estimate the sensitivity, specificity, positive predictive values, and negative predictive values of the model at different cutoff levels for the predicted probability of transfusion requirement following a TKA. A receiver operating characteristic (ROC) curve was constructed to determine the accuracy of the model by demonstrating the limits of the model's ability to predict which patient required a blood transfusion postoperatively. The performance of the model was quantified by calculating the area under the curve. An area under the curve of 1 demonstrates an ideal test with a 100% sensitivity and specificity, whereas an area under the curve less than 0.5 indicates that the test is less useful. The ROC curve correlates the true positive and false positive rates for a series of data points. The optimum diagnostic cutoff level for the model was chosen as values that corresponded with the points on the ROC curve nearest the upper lefthand corner of the graph. This cutoff level reflects the optimal mathematical balance between sensitivity and specificity. However, it may not reflect the optimal cutoff level for a particular patient in the clinical setting. In all analyses, a P value less than .05 was considered significant.
results
Two hundred twenty-seven (10%) of 2281 patients required a postoperative blood transfusion (mean quantity, 2.2 units). Of the 227 patients who were transfused, 149 were women (66%). Two patients required a blood transfusion preoperatively due to a hemoglobin level less than 9 g/dL. Three patients required a blood transfusion immediately postoperatively, and 1 patient was transfused intraoperatively. Most patients (31%) were transfused on postoperative day 4, whereas 15% of patients were transfused on postoperative day 1 or 2. Nine of 227 patients with a postoperative hemoglobin level greater than 10 g/dL were transfused, indicating noncompliance with the transfusion protocol guidelines. The mean length of stay was significantly higher for patients who required a postoperative blood transfusion (mean, 10.564.9 days) compared with those who did not (mean, 7.962.9 days) (P,.001). Table 1 shows the association between various preoperative factors and the need for transfusion. Data were incomplete for the ASA grading, tourniquet time, and requirement for lateral retinacular release in the nontransfused group. In the transfusion group, data were complete for all but 9 patients who have no tourniquet time recorded in their notes. Transfusion rates varied significantly with all factors except tourniquet time. Patients who required a transfusion were older (P,.001), with a lower weight (P,.001), shorter height (P,.001), and lower BMI (P,.001) than patients who were not transfused. Transfusion rates were higher in patients with a lower preoperative hemoglobin level (P,.001), with 34% of transfused patients having a preoperative hemoglobin less than 12 g/dL.
Following entry of each of these variables into a multivariate analysis model, only preoperative hemoglobin (P,.001), age at time of surgery (P,.001), weight (P5.009), and lateral release (P,.001) remained independently predictive. The regression model to predict postoperative transfusion following TKA is shown in Table 2 . A flow chart incorporating all 3 preoperative predictive variables in this model is shown in Figure 1 . The incorporation of these 3 independent predictors into a model increases the discrimination between those who may or may not require a blood transfusion postoperatively. The chi-square of the Hosmer-Lemeshow test was 9.36 (P5.313), revealing a significant goodness-of-fit of the final model.
The sensitivity, specificity, positive predictive value, and negative predictive value at different cutoff levels of predicted probability of recurrence are shown in Table 3 . Receiver operating characteristic (ROC) curve (Figure 2) shows the relationship between true positive (sensitivity) and false positive (1-specificity) patients using different cutoff levels of the model. The percentage area under the curve value for the ROC curve was 74% (95% confidence interval, 70%-77.5%), and the optimal cutoff level calculated from the ROC was 0.10 (10%). Decreasing the cutoff level for predicted probability of postoperative transfusion risk from 50% to lower values increases the sensitivity of the model but decreases the ability of the model to correctly predict the risk of transfusion at that particular cutoff level ( Table 3 ). The greater proportion of patients incorrectly predicted to require a blood transfusion (false positives) results in a lower overall percentage of correct diagnoses at lower cutoff levels of predicted probability.
Data regarding whether patients underwent a lateral release were available for 2242 (98%) patients. A lateral release was performed in 182 (7%) patients and of these patients, 29 (19%) required a transfusion postoperatively. Within this subgroup of 29 patients, 22 were women. Lateral retinacular release was a significant independent predictor of transfusion after multiple logistic regression analyses (P,.001).
Five (2.2%) patients in the transfused group developed a superficial infection, whereas 32 (1.6%) such infections occurred in the nontransfused group. This difference was not statistically significant (P5.35). A similar trend was seen in deep infection rates, with 3 (1.3%) infections occurring in the transfused group compared with 15 (0.73%) in the nontransfused group. This was not statistically significant (P5.85).
discussion
This purpose of this study was to determine what variables are reliably predictive of blood transfusion following TKA. The results show that preoperative hemoglobin, age at surgery, weight, and the need for a lateral release are all independent predictors of blood transfusion requirement.
A prospective national comparative audit of blood use in elective primary THA highlighted the deficiencies and wide variation in transfusion practice. 18 Preoperative anemia, the availability of protocols for transfusion, and the use of different hemoglobin thresholds for transfusion were some of the contributory factors for this wide variation. The use of a prognostic model stratifies the risk for blood transfusion requirement for individual patients. The prognostic model can be used as part of a transfusion protocol to more accurately identify those patients most at risk of requiring a blood transfusion. Quantifying the risk for blood transfusion and identifying those at high risk would enable measures to be taken preand intraoperatively to reduce the requirement for blood transfusion, whereas the identification of those at low risk would allow for a higher transfusion threshold to be implemented in these patients.
Preoperative hemoglobin was the strongest predictor of transfusion risk, with 34% of patients requiring a blood transfusion having a preoperative hemoglobin level less than 12 g/dL. Similar findings have been reported in other studies. [19] [20] [21] Keating et al 19 reported that only preoperative hemoglobin levels and estimated blood volume were predictors for transfusion risk in TKA patients.
Other predictors of transfusion following TKA include advancing age, weight, female sex, and higher ASA grade. [19] [20] [21] In the current study, 66% of patients who were transfused were women. Although sex was not an independent predictor of transfusion, its relation to transfusion may be secondary to the fact that women have a lower weight and preoperative hemoglobin level, both of which were identified as significant independent predictors. Similarly, a large percentage of patients who were transfused had an ASA grade of 3 and above. This is mostly due to the fact that elderly patients tended to have a higher ASA grade, and age was identified as an independent predictor of transfusion risk.
The need for a lateral retinacular release was an independent predictor of transfusion. Of the 182 patients who underwent a lateral release, 29 (19%) required a transfusion. The high rate of transfusion associated with this group of patients could be explained by the increased risk of hematoma and postoperative bleeding associated with a lateral release. 22, 23 In addition, that the majority of patients who required a transfusion following a lateral release were women may reflect the worse preoperative function and alignment in this group of patients. These findings support those of previous studies. 24 No single variable accurately predicts the risk of transfusion following joint replacement surgery. Therefore, the authors developed a flow diagram from their multivariate model based on the strongest independent predictors. The role of this flow diagram is similar to the role of venous thromboembolism risk assessment prior to joint replacement surgery. It can be used as an adjunct to venous thromboembolism risk assessment in a dedicated orthopedic preassessment clinic to identify patients most at risk of requiring a blood transfusion, thus allowing preoperative measures to be taken.
The current statistical model allows assessment of the risk of transfusion in individuals undergoing TKA. However, due to the relatively low prevalence of transfusion, the ability of the model to accurately predict the likelihood of transfusion risk in an individual is moderate. It is fairly certain at a particular cutoff level of transfusion risk that a subthreshold value genuinely indicates that a patient will require a blood transfusion, but it is less certain that a suprathreshold value genuinely indicates that a patient will need a blood transfusion. Decreasing the cutoff level for the predicted probability of transfusion risk increases the sensitivity of the model at the expense of reducing the overall percentage of correct patients identified as being at high risk by the model.
The identification of this subgroup of high-risk patients allows an appropriately timed package of interventions directed at increasing the preoperative hemoglobin. Such interventions include giving oral iron and erythropoietin, which have been shown to increase hemoglobin concentrations, prevent anemia, and decrease the need for perioperative blood transfusion. 25, 26 Intraoperative antithrombotic agents, such as tranexamic acid, have been shown to decrease blood loss and transfusion requirement following TKA and THA. [27] [28] [29] However, debate exists as to what dosage should be given and in which patients the risk of avoiding transfusion would outweigh the potential risk of causing a thrombotic complication. The current predictive model stratifies the risk for the individual patient in the preopera- 
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tive TKA setting, thus enabling informed decisions to be made regarding which patients should receive this antithrombotic agent. Optimizing variables such as age and weight favorably is more difficult, which is reflected in the low weighting score attached to these variables in the final prognostic model. However, the need for lateral release can be reduced by ensuring correct implant alignment, rotation, and soft tissue balance. In patients where it is required, the use of diathermy to the superior and inferior geniculate vessels may further prevent postoperative bleeding. The current study found an increase in the rates of superficial and deep infection in the transfused group compared with the nontransfused group. These rates were similar to those from a previous study, which showed an overall deep tissue infection rate of 3% and a superficial infection rate of 2.7% in patients undergoing TKA, with no significant association between perioperative transfusion and postoperative infection. 30 A multicenter European study reported wound infection rates of 2% and 4% for nontransfused patients and allogenically transfused patients, respectively. Although the rate was higher in the transfused group, it was not statistically significant.
conclusion
The strengths of this study are in its large sample size of 2281 patients covering a large population over a 10-year period. One implant and 1 type of thromboprophylaxis were used to lessen the influence of these variables. A strict transfusion protocol was adhered to in the majority of cases. Future studies will investigate the effect of applying this prognostic score on patients attending the preoperative assessment clinic and then following them prospectively. This will highlight the importance of this predictive model in determining what interventions can reliably be taken in the pre-and intraoperative settings to reduce the requirement of blood transfusion. 
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